Abstract Fungi are a major component of soil biota in terrestrial ecosystems of various climatic regions, but few studies have compared the effects of soil layer and season on their abundance between sites with different humus forms and climatic conditions. In the present study, the hyphal length in the forest floor and soil was investigated in subtropical (ST), cool temperate (CT), and subalpine (SA) forests in Japan with an agar film method. The primary aim was to describe the seasonal variations in hyphal length in different layers of mull and moder humus forms in forests of these three climatic regions. The total hyphal length was generally higher in CT than in ST and SA and decreased with the soil depth. Seasonal changes in total hyphal length were observed in ST and in the lower slope of CT where mull humus developed. The length of darkly pigmented hyphae and the proportion of them relative to the total hyphal length were higher at the upper slope of the CT forest (moder humus) than at the other sites, and decreased in the order F [ L [ A layers. Clamp-bearing hyphal length in Basidiomycota accounted for as much as 19 % of the total hyphal length and decreased with the depth of the forest floor and soil in all study sites. Seasonal changes of hyphal length and the layer 9 month interaction were significant on mull but not on moder humus, suggesting that hyphal length was more sensitive to season in mull than in moder humus.
Introduction
Fungi are a major component of soil biota in terrestrial ecosystems, where they represent large pools of nutrients, control carbon and nutrient cycling in soils as decomposers and mutualistic root symbionts, and are involved in soil food webs (Dix and Webster 1995; Boddy et al. 2008) . The abundance and species composition of fungal communities in litter and soil can be indicative of the functional roles of fungi in soil processes. It is difficult, however, to examine both fungal abundance and species composition concurrently with any single method. Moreover, a number of factors contribute to the complexity involved in measuring fungal communities in soils. Consequently, a variety of techniques have been described for quantifying fungal biomass in litter and soil (Newell 1992) . Commonly used methods to measure fungal biomass include direct microscopic visual observations of hyphal length and biochemical assays for fungal marker molecules, such as chitin and ergosterol. Of these methods, the direct microscopic techniques can be biased by a degree of observer subjectivity, but they allow for visual classification of hyphal types, such as hyaline, darkly pigmented, and clamp-bearing ones, which can often aid attempts to interpret the compositions of fungal communities (Frankland et al. 1982; Kjøller and Struwe 1982; Osono 2007; van der Wal et al. 2009 ).
Fungal biomass expressed as the hyphal length has been reported using direct observation methods in litter and soil (Kjøller and Struwe 1982; Holden et al. 2013) and in litter at initial stages of decomposition (e.g., Berg and Söderström 1979; Fioretto et al. 1998; Osono and Takeda 2001; Osono 2005) . To date, the variations of hyphal length with soil layer, season, humus form, and climatic region have been examined separately. To the knowledge of the author, however, few studies have investigated the effects of soil layer and season on hyphal length at the same time and compared them among sites with different humus forms and climatic conditions (Osono 2011) .
The purpose of the present study was to investigate the hyphal length in the forest floor and soil of subtropical, cool temperate, and subalpine forests in Japan with an agar film method. The primary goal was to describe the seasonal variations in hyphal length in different layers of mull and moder humus forms in forests of these three climatic regions. Soil samples were collected at each study forest over a snow-free period to evaluate the relative effects of layer, season, and their interactions on total, darkly pigmented, and clamp-bearing hyphal lengths. Previous data on hyphal lengths in the forest floor and soils of different climatic regions were then summarized to explore whether hyphal length in litter and soil exhibits patterns along a latitudinal or climatic gradient.
Materials and methods

Study site
Samples were collected from three sites in Japan: a subtropical forest (ST), a cool temperate forest (CT), and a subalpine forest (SA). Table 1 
Sample collection
A study plot of size 50 9 10 m (500 m 2 ) was laid out in each of the ST, CT (upper), CT (lower), and SA sites, and was divided into 125 squares of size 2 9 2 m. Samples of L-, F-, and A-layer materials were collected from the four plots and used for the estimation of hyphal length. Sample collection was performed six times in ST: in March, May, July, September, and November 2007 and in January 2008; four times in CT: in May, July, September, and November 2001; and three times in SA: in June, August, and October 2008. On each sampling occasion, ten (ST and SA) or five (CT lower and upper) grids were randomly chosen from the 125 grids in each plot, and one soil block (20 9 20 cm in area) was collected from the center of each grid. The block was divided into L and A layers for ST and CT (lower) and L, F, and A layers for CT (upper) and SA, preserved in vinyl bags, and taken to the laboratory. The F layer in ST and CT (lower) developed poorly and was not included in the measurement of hyphal length. The A-layer materials (3 cm in depth) were collected from the surface of the A layer because the depth of the A layer varied among the sites.
Thus, a total of 310 samples were used for the present study, including 120 (6 dates 9 2 layers 9 10 replicates) from ST, 40 (4 dates 9 2 layers 9 5 replicates) from CT (lower), 60 (4 dates 9 3 layers 9 5 replicates) from CT (upper), and 90 (3 dates 9 3 layers 9 10 replicates) from SA. Samples were preserved in a refrigerator at 4°C and processed within 48 h after sampling. The L-layer materials were fragmented using a blender to make particles approximately 5 9 5 mm in area, and F-and A-layer materials were passed through a 2-mm sieve to exclude plant roots and coarse fragments, before a portion of the samples was used for hyphal length estimation.
Hyphal length estimation
Hyphal lengths in L-, F-, and A-layer materials were estimated using the agar film method of Jones and Mollison (1948) , but with several modifications (Osono et al. 2006) . One gram of a sample was homogenized in a blender at 10,000 rev min -1 in 49 ml of distilled water for 3 min. The suspension (20 ml) was diluted with 20 ml of molten agar solution (final concentration 1.5 %) and mixed at low speed on a magnetic stirring plate. Three agar plates were prepared for each suspension in a hemocytometer (0.1 mm depth), transferred to glass slides, and dried for 24 h. The films were stained with fluorescent brightener (FB) for 1 h. FB binds to chitin in fungal cell walls (West 1988) and enables the visualization of all hyaline hyphae that are live or ghosts (empty). The stained films were mounted between slides and coverslips with one drop of immersion oil (type DF, Cargille Laboratories, Inc., Cedar Grove, NJ, USA) and examined with a Nikon Microphot-SA epifluorescent microscope equipped with a high-intensity mercury light source. A Nikon UV-1A filter cube was used to examine the FB-stained hyphae. Darkly pigmented hyphae that were not stained with FB were observed by bright field microscopy. Microscope fields were selected randomly and 25 fields were observed for each slide at 1,000 9 magnification. Hyphal lengths were estimated using an eyepiece grid and a grid-intersection method (Olson 1950) . Total hyphal length was calculated as the sum of the lengths of hyaline hyphae stained with FB and darkly pigmented hyphae. Hyphae with clamp connections were classified into Basidiomycota, in spite of the fact that the hyphal length may have been underestimated because the frequency of clamp formation varies between species. Separate litter samples were oven-dried to a constant mass at 40°C and used to measure oven-dry weight. 
Statistical analysis
The generalized linear model (GLM) was used to evaluate the difference in hyphal length using layer, month, and the layer 9 month interaction as independent variables. Tukey's HSD test was performed for multiple comparisons. JMP 6.0 for Macintosh was used to perform these analyses.
Results
Total hyphal length
The mean total hyphal length was generally higher in CT than in ST and SA, and decreased with the depth of the forest floor and soil (Fig. 2) . In ST, the mean total hyphal length ranged from 3,696 to 6,311 m g -1 in the L layer and from 1,061 to 1,366 m g -1 in the A layer (Fig. 2) . Total hyphal length in the L layer was significantly higher than that in the A layer ( Table 2 ). The effects of month and the layer 9 month interaction were also significant (Table 2) , with total hyphal length in the L layer being especially elevated in November (Fig. 2) .
The mean total hyphal length in CT was generally greater at the upper than at the lower CT site (Fig. 2) . In the L layer, it ranged from 8,259 to 12,172 m g -1 at the lower site and from 12,768 to 18,733 m g -1 at the upper site; in the F layer, it ranged from 8,243 to 10,051 m g -1 at the upper site; and in the A layer, it ranged from 530 to 2,022 m g -1 at the lower site and from 2,795 to 3,864 m g -1 at the upper site. Total hyphal length in the L layer was significantly higher than that in the A layer at both the upper and lower sites (Table 2) . Total hyphal length at the lower site also varied significantly with month (Table 2) , being higher in May than in June and September (Fig. 2) .
The mean total hyphal length in SA ranged from 6,061 to 6,604 m g -1 in the L layer, from 3,982 to 4,769 m g -1 in the F layer, and from 871 to 1,090 m g -1 in the A layer (Fig. 2) . The differences among the layers were statistically significant, whereas significant variation among the months was not observed (Table 2) .
Darkly pigmented hyphal length
Overall, darkly pigmented hyphal length was greater at CT (upper) than at the other sites, and decreased in the following order: (Fig. 3) . In ST, the mean darkly pigmented hyphal length ranged (Fig. 3) . Darkly pigmented hyphal length was significantly greater in the L than in the A layer, and varied with month (Table 2) . It accounted for 5-15 % of the total hyphal length, and the proportion did not vary significantly with either layer or month ( Table 2) .
The mean darkly pigmented hyphal length in CT ranged from 942 to 3,039 m g -1 in the L layer at the upper and lower sites, from 2,932 to 3,212 m g -1 at the upper site, and from 237 to 827 m g -1 in the A layer at the upper and lower sites (Fig. 3) . Darkly pigmented hyphal length was significantly different in the order: L [ A layer at the lower site and F [ L [ A layer at the upper site, and it did not vary significantly with month at either site ( Table 2 ). The proportion of darkly pigmented hyphal length with respect to the total hyphal length was significantly different between the layers at both the upper and lower sites (Table 2) . It was 38-53 % in the A layer at the lower site and 32-37 % in the F layer at the upper site, whereas it was between 8 and 26 % in the L layer at the lower site and in the L and A layers at the upper site (Fig. 3) .
The mean darkly pigmented hyphal length in SA ranged from 806 to 1,367 m g -1 in the L layer, from 1,432 to 1,799 m g -1 in the F layer, and from 124 to 425 m g -1 in the A layer (Fig. 3) , and the differences between the layers were statistically significant (Table 2) . Darkly pigmented hyphal length accounted for 30-45 % of the total hyphal length in the F layer, which was significantly higher than that in the L layer (14-23 %) ( Table 2 ). This proportion was significantly higher in June than in August or October ( Fig. 3; Table 2 ).
Clamp-bearing hyphal length
The mean clamp-bearing hyphal length in ST ranged from 198 to 906 m g -1 in the L layer and from 2 to 89 m g -1 in the A layer (Fig. 4) , and the difference between the L and A layers was statistically significant ( Table 2 ). The effects of month and the layer 9 month interaction were also significant ( Table 2 ), indicating that clamp-bearing hyphal length in the L layer was significantly elevated, especially in November (Fig. 4) . Clamp-bearing hyphal length accounted for 4-13 % of the total hyphal length in the L layer, and for 0-6 % in the A layer, and the difference between the L and A layers was statistically significant ( Table 2) .
The mean clamp-bearing hyphal length at the lower site in CT ranged from 330 to 1,049 m g -1 in the L layer and was not detected in the A layer, whereas at the upper site in CT it ranged from 435 to 3,792 m g -1 in the L layer, 319 to 1,130 in the F layer, and 0 to 100 m g -1 in the A layer (Fig. 4) . Clamp-bearing hyphal length and its proportion relative to the total hyphal length was significantly higher in the L than in the F and A layers at both the upper and lower sites, and was significantly higher in November than in May at the upper site (Table 2) . Clamp-bearing hyphal length generally accounted for 0-13 % of the total hyphal length and increased to 19 % at the upper site in November (Fig. 4) .
The mean clamp-bearing hyphal length in SA ranged from 836 to 1,012 m g -1 in the L layer, from 130 to Fig. 3 Darkly pigmented hyphal length (upper) and its proportion relative to the total hyphal length (lower) in soil layers. Values are mean ± standard errors. Symbols are as in Fig. 2 . Note that the scale used on the y-axis varies with the site 910 m g -1 in the F layer, and from 0 to 207 m g -1 in the A layer (Fig. 4) , and the differences between the layers were statistically significant (Table 2) . Clamp-bearing hyphal length accounted for 0-19 % of the total hyphal length (Fig. 4) .
Discussion
The values of total hyphal lengths in the present study fell within the range of those previously reported in forests of Japan (Table S1 in the Electronic supplementary material, ESM) and other regions (summarized in Kjøller and Struwe 1982) . The mean total hyphal lengths in the L layers of ST, CT, and SA correspond to 9.6, 23.7, and 11.9 mg g -1 , respectively, calculated with the following conversion factors: radius of hyphae (r) of 2 lm; dry matter proportion of hyphae (dm r ) of 0.1; density of hyphae (d f ) of 1.5 g cm -3 (Kjøller and Struwe 1982) . These length estimates are again within the range of those previously reported (Kjøller and Struwe 1982) . There have been few estimates of the length of darkly pigmented or clampbearing hyphae, but the values in the present study were consistent with those previously reported in Japan (Table  S1 of the ESM). Similarly, Bååth and Söderström (1977) reported that the length of darkly pigmented and clampbearing hyphae in a Swedish coniferous forest ranged from 100 to 3,500 m g -1 and from 20 to 1,300 m g -1 , respectively, and accounted for 14-27 and 2-13 % of the total hyphal length, respectively. The results of the present study (Fig. 2) are consistent with the statement of Frankland et al. (1982) that fungal mycelia are less concentrated in mull with a thin accumulation of litter than in mor and moder with well-developed organic layers.
The lengths of total and clamp-bearing hyphae decreased with soil horizon depth in the present study (Figs. 2, 4) , which is in agreement with previous reports (Ruscoe 1971; Hunt and Fogel 1983) . These vertical patterns are primarily attributable to the decrease in carbon content with depth (Kjøller and Struwe 1982) . In contrast, darkly pigmented hyphal length increased in F layers of moder humus [i.e., in CT (upper) and SA] (Fig. 3) . Bååth and Söderström (1977) and Osono et al. (2003) also reported higher values of darkly pigmented hyphal length in deeper soil layers. Decomposition experiments have also demonstrated an increase in the length and/or the proportion of darkly pigmented hyphae during litter transformation (Osono 2005; Osono et al. 2014) . Osono et al. (2006) found that incubation of needle litter beneath the L layer resulted in a significantly greater amount of darkly pigmented hyphae than incubation of the same litter on the surface of the L layer. Suggested underlying mechanisms of an increase in darkly pigmented hyphae should therefore include the higher potential of dematiaceous fungi to colonize litter in deeper layers (e.g., Tokumasu 1998) and the slow turnover of recalcitrant melanized hyphae (Butler and Day 1998).
Relatively high values of darkly pigmented hyphal length and its proportion (29-42 %) relative to the total length were found in needle litter of Chamaecyparis obtusa and in arctic substrates (Table S1 of the ESM). This suggests that darkly pigmented hyphae can increase under nutrient stress (e.g., in needle litter) or stress due to environmental conditions (e.g., low temperatures or freezing), possibly in Fig. 4 Clamp-bearing hyphal length (upper) and its proportion relative to the total hyphal length (lower) in soil layers. Values are mean ± standard errors. Symbols are as in Fig. 2 . Note that the scale used on the y-axis varies with the site association with the stress-resistant nature of melanized hyphae (Butler and Day 1998) .
The total hyphal length in the L layer increased significantly in November in ST and in May in CT (lower) (Fig. 2) , where mull humus developed (Table 1) . Previous studies have already shown an increase in total hyphal length in spring and autumn, and this increase was attributed to favorable climatic (moisture and temperature) and nutrient factors for fungal growth (Ruscoe 1971; Bååth and Söderström 1977) . A marked increase in clamp-bearing hyphal length and its proportion relative to the total length in CT (upper) (Fig. 4) may be due to an increase in litterdecomposing and/or mycorrhizal basidiomycetes. A concomitant increase in the occurrence of fruiting bodies of litter-decomposing and mycorrhizal basidiomycetes was also observed in November in CT (Osono 2014) . Ruscoe (1971) also reported an autumn increase in clamp-bearing hyphal length in soil of a pure stand of Nothofagus truncata, but the generality and ecological significance of the autumn flush of basidiomycetes remain unclear, mainly due to the lack of relevant studies. Limitations of the present study should also be noted: the field surveys were performed in different single years at the three sites, and only during snow-free periods at CT and SA.
Generally, the effects of layer of the forest floor on the total, darkly pigmented, and clamp-bearing hyphal lengths were more marked than the effects of month of sampling at the study sites (Table 2) . Interestingly, the seasonal changes in total hyphal length were significant on mull humus at ST and CT (lower) but not on moder humus at CT (upper) and SA (Table 2 ). The effect of the layer 9 month interaction on total, darkly pigmented, and clamp-bearing hyphal length was also only significant at ST and CT (lower). These results suggest that hyphal length in the L layer was more sensitive to season in mull than in moder soils. Possible explanations for this sensitivity are the amount and the turnover of forest floor materials. The lower amount and the faster turnover of the forest floor in mull soils (Tsukamoto 1996) may lead to more variable hyphae length than in moder humus.
When data on hyphal length in the forest floor and soils of Asian forests and Canadian arctic tundra, examined with the same direct observation method, were plotted against mean annual temperatures (Table S1 of the ESM), peaks in the total, darkly pigmented, and clamp-bearing hyphal length in temperate regions were discerned (Fig. S1 of the ESM). It is difficult, however, to gain insights into climatic patterns of hyphal length, as data are still lacking for soils in non-temperate regions. For example, Widden and Parkinson (1979) reported that total hyphal length in Canadian tundra soils reached 2,228 m g -1 , whereas Robinson et al. (1996) summarized the data on total hyphal length in soils and dead plant tissues on tundra soils, and reported that these ranged from 4 to 9,600 m g -1 dry soil. Further efforts are needed to measure hyphal lengths in various soils, especially in tropical regions.
